Our study aimed at investigating the impact of the level of protein in milk formula on intestinal structure, barrier function, and its nervous regulation in normal and LBW neonates using a porcine model. Normal birth weight (NBW) or LBW piglets were fed from d7 to d28 of age either with a high protein (HP) or with an adequate protein (AP) formula or stayed with their mother [mother fed (MF)]. The proximal jejunum and distal ileum were sampled at d28 for morphometry analysis and ex vivo permeability measurement in Ussing chambers. Formula feeding induced a trophic effect on the jejunum and ileum of both NBW and LBW piglets, which exhibited longer villi than MF animals, irrespective of the type of formula. In NBW piglets, intestinal permeability was not altered by formula feeding. On the contrary, LBW piglets fed with HP formula, but not AP, exhibited a greater ileal permeability than MF piglets. Feeding the HP formula also disturbed jejunal and ileal regulation of permeability by acetylcholine and vasoactive intestinal peptide (VIP) in LBW compared with MF LBW piglets. In conclusion, the level of protein in formulas did not modify intestinal structure and function in NBW individuals but dramatically modified intestinal barrier function physiology in LBW individuals. (Pediatr Res 69: 4-9, 2011) T he health benefits of breast feeding have been recognized for a long time. However, many infants are still formulafed for periods of their first months of life. Formulation is an area of intensive research to improve the nutritional quality of milk formulas. However, the amount of protein per energy content is generally higher in formula than in human milk to meet the protein and amino acid requirements of infants (up to 40 and 66% more proteins than human milk for healthy neonates and preterm and LBW babies, respectively) (1). Epidemiological data point out an increased risk of developing metabolic disease and obesity later in life with accelerated growth in early life (2). High protein (HP) formulas are suspected to be one of the major factors of such accelerated growth (3). Therefore, the actual tendency is to reduce protein content in formulas toward the minimal level (4), although HP formulas are still recommended for premature and LBW babies (5).
T he health benefits of breast feeding have been recognized for a long time. However, many infants are still formulafed for periods of their first months of life. Formulation is an area of intensive research to improve the nutritional quality of milk formulas. However, the amount of protein per energy content is generally higher in formula than in human milk to meet the protein and amino acid requirements of infants (up to 40 and 66% more proteins than human milk for healthy neonates and preterm and LBW babies, respectively) (1) . Epidemiological data point out an increased risk of developing metabolic disease and obesity later in life with accelerated growth in early life (2) . High protein (HP) formulas are suspected to be one of the major factors of such accelerated growth (3) . Therefore, the actual tendency is to reduce protein content in formulas toward the minimal level (4), although HP formulas are still recommended for premature and LBW babies (5) .
Several studies have established that formula-feeding impacts intestinal development. Using endoscopic techniques to obtain biopsies from healthy infants, Thompson et al. (6) observed that crypt length was increased by 30% in formulafed infants. More extensive studies undertaken in rats also concluded to a trophic effect of formula-versus breast-feeding on the intestine (7, 8) . Besides structural modifications, formula feeding also impacts intestinal epithelial barrier function. The epithelium lining the intestine plays an integrated role in maintaining intestinal barrier function through the proteins forming the tight junctions (TJs), which constitute a selective barrier and regulate the passage of molecules according to their size. Intestinal barrier function is partially regulated by the enteric nervous system, particularly by acetylcholine known to increase permeability (9) and vasoactive intestinal peptide (VIP) that decreases permeability (10) . Measurement of intestinal permeability in vivo in human neonates consistently reveals a higher permeability in formula-fed compared with breast-fed neonates (11, 12) . Studies in rabbits and rats corroborate this increased permeability in formula-fed animals (13, 14) .
Modifications of intestinal permeability and structure during the neonatal period might have either immediate or longterm health consequences. Indeed, during the neonatal period, enhanced uptake of molecules in the intestinal mucosa may have a role in the maturation of the immune system and the acquisition of oral tolerance (15, 16) . However, increased permeability leaves neonates more susceptible to infection, inflammation, and hypersensitivity and may also lead to a higher susceptibility to stress or inflammation later on in adult life (17, 18) . Considering the already known effect of formula feeding on intestinal structure and barrier development in such a crucial period of life, the question of the impact of the level of protein in formulas on the intestinal development is raised. Therefore, the objective of our study was to investigate the effect of the level of protein in formula on intestinal structure and nervous regulation of intestinal barrier using the piglet model. Intestinal permeability and structure was measured in both normal birth weight (NBW) and LBW piglets either fed by their mother (sow milk 4.5 g of protein/100 kcal) or fed by a HP formula (6.6 g of protein/100 kcal) or an AP formula (4.5 g of protein/100 kcal) for 21 d.
MATERIALS AND METHODS
Animals and experimental design. The experiment was conducted in compliance with the guidelines of the French Ministry of Agriculture for Use of Animals in Research (certificate of authorization to experiment on living animals no. 7676). Crossbred [Pietrain ϫ (Large White ϫ Landrace)] piglets from the experimental herd of INRA (Saint-Gilles, France) were used. Two groups of NBW and LBW piglets, regardless of gender, were selected. Piglets weighing the average birth weight of the herd (range, 1.28 -1.66 kg; n ϭ 33) were identified as NBW and those weighing around 1.00 kg (range, 0.90 -1.10 kg; n ϭ 33) were defined as LBW. Triplets of LBW or NWB littermates were selected and allowed to suckle the sow naturally until the age of 7 d. Piglets from the same triplets were then randomly assigned to three dietary groups. Piglets from the first group were mother fed (MF) until the age of 28 d. Piglets from the two other groups were separated from their mother and fed with either a HP formula or an AP formula until d 28. Piglets were killed at the end of this experimental period. Piglets were fed with formulas with an automatic milk feeder as described previously (19) . The AP and HP formula composition are presented in Table 1 . For the comparison with formula-fed piglets that were submitted to an overnight fast, the MF piglets were separated from the sow between 2130 and 0600 h. Piglets of the three groups had free access to water and none had access to any solid food.
Tissue collection. Piglets were killed 3 h after their last meal by electronarcosis immediately followed by exsanguination. The digestive tract was dissected. Empty stomach, empty small intestine and colon, and pancreas and liver were weighed. Small intestine and colon length were recorded. The proximal jejunum (starting orally 20 cm after the Treitz ligament) and the distal ileum (starting aborally 20 cm from the ileocecal valvula) were dissected. For each intestinal site, a 50-cm segment was emptied, flushed with cold saline, and gently dried. Mucosa scrapings were then snap frozen and stored at Ϫ20°C for further digestive enzyme analysis. A 5-cm adjacent segment was emptied, flushed with cold saline, and fixed in 4% paraformaldehyde for 24 h then stored in 75% ethanol for further morphometry analysis. One-centimeter segments were also rinsed with cold saline and placed into RNA later (Applied Biosystems, Courbaboeuf, France) at 4°C for 24 h and then maintained at Ϫ20°C for later RT Morphometry analysis. Villi length and crypt depth were determined on hematoxylin-eosin-stained jejunal and ileal sections. A minimum of 15 to 20 well-oriented crypt-villus units was measured using image analysis (Optimas, version 6.5; Media Cybernetics, L.P., Silver Spring). All morphological measurements were conducted by one investigator who was unaware of the piglet group from which the section was prepared.
Enzyme activity. The specific activities of amino-peptidase N (EC 3.4.11.2), lactase-phlorizine hydrolase (EC 3.2.1.23), and dipeptidyl peptidase IV (EC 3.4.14.5) were determined in the jejunum and ileum as previously described (20) . Acetylcholine esterase (AChE) activity was measured using a dedicated kit (Invitrogen, Cergy-Pontoise, France). The protein content of tissue homogenates was measured using the Bio-Rad protein assay reagent (Bio-Rad, France).
Ex vivo permeability. Intestinal tissues were stripped of longitudinal muscle and opened along the antimesenteric border to be mounted in Ussing chamber (World Precision Instrument, Stevenage, United Kingdom). The chamber opening exposed 0.67 cm 2 of tissue surface area to 8 mL of circulating oxygenated Ringer at 39°C. The serosal buffer contained 16 mmol⅐L Ϫ1 glucose osmotically balanced by 16 mmol⅐L Ϫ1 mannitol in the mucosal buffer. Tissue viability was checked by recording potential difference across the tissue every 30 min. The paracellular and transcellular passages were determined with FITC-dextran 4000 (FD-4; Sigma Chemical Co.-Aldrich, Saint-Quentin Fallavier, France) and horseradish peroxidase (HRP Type II; Sigma Chemical Co.-Aldrich), respectively, as previously described (21, 22) . FD-4 and HRP (375 mg.L Ϫ1 each) were added to the mucosal buffer at t0. Five hundred microliters samples were collected at 30-min intervals during 120 min from the serosal buffer and replaced with Ringer-glucose buffer to maintain a constant volume within the chambers. For LBW piglets, change in permeability to FD-4 induced by either 10
Co.-Aldrich) added in the chamber (serosal side) were recorded. Concentration of FD-4 in the samples was measured by fluorimetry (fluorimeter LB940 Mithras; Berthold Technologies, Thoiry, France), whereas concentration of HRP was determined using spectrophotometry (Multiskan spectrum; Thermo Labsystem, Midland, Canada) after enzymatic reaction using o-dianisidine as substrate (Sigma Chemical Co.-Aldrich). Mucosal-to-serosal fluxes were then calculated and expressed as nanograms per square centimeter per hour.
RT-PCR.
Total RNA was extracted and reverse transcripted as previously described (19) . Obtained cDNA were amplified using specific primers for cingulin (CGN; Fwd GTTAAAGAGCTGTCCATCCAGATTG and rev CT-TAGCTGGTCTTTCTGGTCATTG), ZO-1 (Fwd AGGCGATGTTGTATT-GAAGATAAATG and rev TTTTTGCATCCGTCAATGACA), and choline acetyl transferase (ChAT) genes (Fwd AGCTAGCCTTCTACAGGCTCCAT and rev CGCTCTCATAGGTAGGCACGA). The transcript level was normalized to the transcript level of GAPDH (Fwd CATCCATGACAACTTCG-GCA and Rev GCATGGACTGTGGTCATGAGTC) in the same sample.
Statistical analysis. Data were analyzed using the General Linear Model procedure of Statistical Analysis Systems software (SAS Institute, Cary, NC) testing the diet effect within each birth weight group. All results are presented as mean Ϯ SEM. Differences between groups were declared significant at p Ͻ 0.05. 
RESULTS

Piglet growth and GI tract organ characteristics.
There was no significant difference in the daily weight gain between HP and MF piglets, irrespective of the birth weight group (Table 2) . AP piglets were offered the same level of energy during that period (Table 2 ), but their weight gain was lower than that of MF piglets (Table 2 ). Formula feeding had no impact on stomach relative weight of NBW and LBW piglets ( Table 2 ). The relative weight of the pancreas was greater in HP LBW piglets compared with MF or AP LBW piglets but was not influenced by the type of diet in NBW piglets ( Table 2 ). The liver relative weight was greater in both NBW and LBW formula-fed compared with MF piglets (Table 2) . Similarly, small intestine relative length and weight were greater in formula-fed piglets compared with MF ones, irrespective of the type of formula (Table 2 ). This was predominantly because of an increase in the jejunum mucosa density (weight by unit of length), especially in HP piglets (Table 2) . Colon-relative weight was higher in AP fed NBW piglets (Table 2) . In LBW piglets, colon length was greater in formula-fed piglets, irrespective of the type of formula (Table 2) .
Small intestine structural and functional characteristics. Formula feeding induced an increase in villous length in both the jejunum and ileum of NBW ( Fig. 1 A and C) and LBW piglets (Fig. 1B and D) . This effect was more pronounced in the jejunum of LBW piglets (ϩ49 and ϩ56% for HP and AP, respectively, compared with MF piglets; p Ͻ 0.05) than in that of NBW piglets (ϩ13 and ϩ16% for HP and AP, respectively, compared with MF piglets; p Ͻ 0.05). In the ileum, the formula-induced increase in villous length was similar in NBW and LBW piglets (ϩ20 and ϩ39% for HP and AP NBW piglets and ϩ26 and ϩ39% in HP and AP LBW piglets compared with similar birth weight MF piglets). Crypt length was little affected by formula feeding, except in the ileum of LBW piglets (Fig. 1D) where it was 23 and 18% higher in HP and AP, respectively, than in MF LBW piglets.
Aminopeptidase N activity was increased by formula feeding in the jejunum of NBW piglets but not LBW ones ( Table   3 ). The activity of this enzyme was not altered by formula feeding in the ileum, irrespective of the piglet birth weight (Table 3) . Dipeptidyl-peptidase IV and lactase activities were not influenced by formula feeding at any of the intestinal site (Table 3) .
Small intestine permeability and mRNA levels of TJ proteins NBW piglets. Formula feeding had no significant effect on jejunal or ileal permeability in NBW piglets (data not shown). Analysis of ZO-1 mRNA expression revealed a lower expression in the jejunum of HP compared with MF NBW piglets (0.59 Ϯ 0.07 versus 0.90 Ϯ 0.07, respectively; p Ͻ 0.05) and a tendency for a lower expression in the ileum of AP compared with MF NBW piglets (0.65 Ϯ 0.10 versus 0.98 Ϯ 0.13, respectively; p ϭ 0.08). No effect of the diet was observed for CGN mRNA expression (data not shown).
LBW piglets. Jejunal permeability to HRP was lower in AP LBW piglets compared with MF and HP ones (Fig. 2B) . Jejunal permeability to FD-4 tended to be also lower in AP formula feeding (p ϭ 0.08 compared with MF piglets and p ϭ 0.09 compared with HP piglets; Fig. 2A ). On the contrary, in the ileum, HP formula feeding had a dramatic impact on permeability that was 206% (permeability to FD-4; Fig. 2C ) and 219% (permeability to HRP; Fig. 2D ) higher than that of MF piglets. Lowering the protein content of the formula restored ileal permeability of LBW piglets to value closer to that of MF animals (permeability to FD-4 increased by 83% compared with MF piglets and permeability to HRP significantly different from that of MF piglets, Fig. 2C and D) . CGN and ZO1 mRNA analysis revealed no effect of the diet on their expression, except a tendency for an increased CGN level in the ileum of HP compared with MF piglets (1.01 Ϯ 0.22 versus 0.54 Ϯ 0.04, respectively; p ϭ 0.07). Nervous regulation of jejunal and ileal permeability in LBW piglets. Because formula feeding affected only intestinal permeability of LBW piglets, we investigated the nervous regulation of intestinal permeability only on those animals but not NBW ones. In the jejunum of MF LBW piglets, carbachol increased while VIP decreased permeability to FD-4 (Fig. 3A) , as described in adult intestine. AP formula feeding did not alter this nervous regulation (Fig. 3A) . However, in HP piglets, no significant effect of carbachol or VIP on jejunal permeability was observed (Fig. 3A) , suggesting that HP formula disturbed jejunal nervous regulation. In the ileum, cholinergic and VIPergic nervous regulation did not seem established yet in MF piglets because no change in permeability were observed in response to carbachol or VIP (Fig.  3B) . AP formula feeding did not modify this absence of nervous regulation (Fig. 3B) . However, the ileum of HP piglets displayed a decrease (Ϫ20%; p Ͻ 0.05) of permeabil- ity in response to VIP (Fig. 3B) , suggesting disturbances in the normal postnatal development of ileal nervous regulation.
To further investigate the default of response to cholinergic stimulation, we studied mRNA expression of ChAT and the activity of AChE, two enzymes involved in acetylcholine metabolism. ChAT mRNA expression was down-regulated in the jejunum of formula-fed animals, irrespective of the type of formula (Fig. 3C) . AChE-specific activity was 60% higher in the jejunum of HP piglets compared with that of MF piglets (Fig. 3D) . AChE activity in the jejunum of AP piglets was not different from that of MF piglets (Fig. 3D) .
DISCUSSION
The objective of our study was to evaluate the effect of the level of protein in milk formula on intestinal structure and permeability in NBW and LBW piglets. Although formula feeding compared with mother milk suckling impacted intestinal structure in NBW piglets, this was independent from of the level of protein content in the milk formula per se. However, in LBW piglets, formula feeding with a HP formula sharply increased ileal permeability and disturbed intestinal nervous regulation. Lowering the protein content of the formula clearly reduced these phenomena.
There are many evidence that formula feeding has a trophic effect on the intestine and induces precocious maturation of intestinal disaccharidase activity compared with breast feeding, both in humans and in animal models (6, 7) . Our present data also show a trophic effect of formula feeding compared with breast feeding but few effect on digestive enzyme activity. This trophic effect of formula feeding was similar in NBW and LBW piglets. Moreover, lowering the protein content of the formula did not modify this response or even enhanced the trophic effect of formula feeding (longer villi in the ileum of NBW piglets fed the AP than the HP formula), suggesting that it was formula feeding rather than the formula protein content that induced this phenomenon. This was also observed in rats where artificial feeding with cow's milk-based or soy proteinbased formula resulted in the same trophic effect (7) . The only effect of the composition of the formula in rat was observed with formula differing in the casein to whey protein ratio: the higher this ratio, the higher the trophic effect (23), but our milk formulas were designed to keep the casein to whey ratio constant and similar to that of sow milk. Difference in intestinal structure could be explained by a difference in feed intake. The AP piglets had indeed a lower growth rate than MF ones but the energy intake was similar to that of HP piglets. Moreover, a reduced feed intake is often associated with intestinal hypotrophy (24) than hypertrophy as observed in our animals. Finally, the presence of exogenous dietary components or the absence of factors normally present in maternal milk rather than the artificial procedure of feeding itself seems involved in the trophic effect of formula feeding because artificial feeding with expressed rat milk did not induce changes in intestinal characteristics compared with MF rats (8) . Similarly, in 28-d-old piglets, artificial feeding with sow milk slightly reduced jejunal villi by 10% within 4 d, but no more effect was observed after 7 d (25).
Measurement of intestinal permeability either in vivo in human neonates or ex vivo in animal models consistently reveals a higher permeability in formula-fed compared with breast-fed neonates (11, 13) . In our experiment, NBW animal intestinal permeability was poorly affected by formula feeding. However, in agreement with the hyperpermeability observed in formula-fed infants or animals, the ileal permeability of LBW piglets was drastically increased by HP formula feeding. Lowering the protein level of the formula lowered intestinal permeability in LBW piglets: it reduced the permeability to lower levels than the MF animals in the jejunum and reduced the hyperpermeability induced by HP formula feeding in the ileum. The reason of such a decrease is unclear. Different supplementations of formulas (prebiotics, nucleotides, and polyunsaturated fatty acids) did not reduce in vivo intestinal permeability toward that of breast-fed infants in human neonates (26) . Similarly, cow's milk-based and soy protein-based formula induced the same hyperpermeability of the intestine in weanling rats (14) . Difference in villi and crypt surface could account for by the difference in permeability. However, it is difficult to estimate the actual surface of the mucosa from morphometric data because the density of villi and crypt will also influence mucosal surface. Moreover, this would not explain the reduced permeability in AP LBW piglets compared with HP ones despite a similar increase in villi length. The analysis of TJ protein expression did not give more information about mechanisms involved because mRNA levels of ZO-1 and CGN did not correlate with the paracellular permeability (FD-4) variations. However, interpreting variations in ZO-1 mRNA expression in tissues is not as clear as in cell cultures because several authors have already observed variations in ZO-1 mRNA expression but no difference in ex vivo permeability in rats (27) or increase in ileal permeability but increase in ZO-1 mRNA expression (28) . Similarly, it is difficult to predict the actual effect of the tendency for upregulation of CGN mRNA in the ileum of HP LBW piglets from the literature. Indeed, CGN knockdown in MDCK cells up-regulates claudin-2 and ZO-3 expression and increases cell proliferation and monolayer density at confluence (29) . However, overexpression of either full-length CGN or its domains does not significantly affect TJ protein levels, the organization and function of TJ, or gene expression or cell density in the same model (30) . Finally, it is often alterations of TJ proteins position within the TJ itself that seems to alter intestinal permeability rather than expression of the protein.
Our data demonstrated that HP formula feeding in LBW piglets modified cholinergic and VIPergic regulation of permeability. Indeed, the jejunum of HP piglets did not respond to carbachol (cholinergic agonist) or VIP as opposed to MF and AP piglets while in the ileum they did respond to VIP when MF and AP piglets did not. Such reduced response of the gut to cholinergic stimulation has been observed in various cases of gut dysfunction: electrolyte secretion in response to cholinomimetics was reduced in mice with T cell-driven enteropathies or rats infected with nematodes as a model of colitis (31) ; the smooth muscle contractile response to cholinergic stimulation was also reduced in the inflamed intestine (32) . In the former study, altered acetylcholine metabolism 8 (increase AChE expression and activity, decreased packaging and exocytosis of acetylcholine, alteration of ChAT expression…) was involved (31) . Similarly, many studies reported a decrease in VIP-immunoreactive neurons during inflammation (33) . Further studies are needed to investigate whether alteration of the nervous regulation of permeability is linked to an intestinal inflammatory state.
In conclusion, the level of protein in milk formula did not drastically modify the effect of formula feeding itself on intestinal structure, either in LBW or NBW piglets. However, lowering the protein content of formula reduced the ileal hyperpermeability induced by HP formula feeding toward the response observed in MF LBW piglets. It also restored nervous regulation of intestinal permeability. Whether this effect is directly linked to the higher protein content or also partly to the decrease in fat and carbohydrate content to keep formula energy constant remains to be investigated. However, the immunological consequences of these permeability modifications induced by HP formula feeding warrant further investigations regarding the dual role played by intestinal barrier function on immune system education at that age.
